Staphylococcus aureus can invade epithelial cells, and the host-cell receptor a 5 b 1 integrin is thought to mediate this process. The aim of this study was to investigate S. aureus invasion of epithelial cell lines derived from oral (H357), skin (UP) and nasopharyngeal (Detroit 562) sites and to determine whether any differences were due to the levels of a 5 b 1 integrin expressed. While the adhesion and invasion of two S. aureus strains were similar in both oral and skin-derived keratinocytes, this was markedly reduced in the nasopharyngeal cell line, despite it expressing similar levels of a 5 b 1 . While this might be explainable on the basis of availability of cell receptor, adhesion to and invasion of H357 and UP cells by S. aureus were enhanced when the epithelial cells were in suspension rather than on a surface, and levels of a 5 integrin subunit mRNA were also increased. Detroit 562 cells exhibited a similar a 5 gene upregulation, but this did not result in enhanced adhesion and invasion of S. aureus. The Detroit 562 cells also showed reduced adhesion to fibronectin compared with the other cell types. This, and the low S. aureus invasion, may result from reduced a 5 b 1 integrin activity or from variation in an as-yet-unidentified additional receptor or accessory molecule. These studies shed further light on the mechanisms of S. aureus invasion of human cells.
INTRODUCTION
Several species of pathogenic bacteria, including Staphylococcus aureus, have been shown to use the cell-surface receptors of mammalian cells to facilitate internalization/ invasion of these cells (Finlay & Cossart, 1997) . The host-cell receptors utilized by these pathogens to facilitate internalization/invasion are commonly part of the integrin, cadherin, ICAM, selectin or syndecan families of cell-surface receptors (Hauck, 2002) . The primary function of these proteins is to facilitate cell migration, the formation of cellcell contacts and/or adhesion to components of the extracellular matrix (Cossart & Sansonetti, 2004) . The subfamily of b 1 integrins in particular has been shown to facilitate the invasion of several bacteria, including Neisseria, Streptococcus and Yersinia species (Agerer et al., 2003) . Integrins are cell membrane-associated glycoproteins (Uitto & Larjava, 1991) , composed of an a and b subunit that form a heterodimeric complex (Agerer et al., 2005) . Each subunit consists of a large extracellular binding domain, a single membrane-spanning region (with the exception of the b 4 subunit) and a small cytoplasmic domain (Hauck, 2002) . At present, 19 a and 8 b subunits have been identified in mammals, and these have been shown to combine to form 25 different receptors (Hauck, 2002) . Integrins function as host cell-surface receptors that facilitate the interaction of the host-cell cytoskeleton with proteins in the extracellular matrix, and this functionality makes integrins important in interacting with the extracellular matrix, so supporting hostcell migration and adhesion.
The integrin a 5 b 1 has previously been shown to be required for the invasion of host cells by S. aureus. S. aureus is thought to invade host cells by binding fibronectin, which is simultaneously bound to a 5 b 1 . This binding event stimulates an intracellular signalling cascade that leads to remodelling of the actin cytoskeleton and internalization of the bacteria. Although a 5 b 1 is expressed ubiquitously on human cells, a large amount of variation in the level of invasion exists between host cells of different tissue origins, including endothelial cells (Mongodin et al., 2002) , kidney cells (Agerer et al., 2003) , fibroblasts (Hussain et al., 2008) , bovine mammary-epithelial cells (Dziewanowska et al., 2000) and a number of human epithelial cell lines such as UP (Kintarak et al., 2004) , HaKat (Mempel et al., 1998) and H357 (Kintarak et al., 2004) . However, the reason for these differences in reported invasion with different cell types is not known. The aim of this study was to compare the capacity of S. aureus to invade host cells derived from the nasal cavity, skin and oral cavity and to determine whether this level of invasion is related to the levels of a 5 b 1 integrin expression on these cells. This paper demonstrates for the first time that both availability of the integrin a 5 b 1 and its functional state determine S. aureus invasion.
METHODS
Bacterial culture. Staphylococcus aureus strains NCTC 8235-4, Du5883, Newman, NCTC 6571 and S-235 were routinely maintained on brain heart infusion (BHI) agar supplemented with yeast extract (YE) (0.5 % w/v; Oxoid). Further details of these strains are contained in Table 1 . For most purposes, S. aureus cells were used from either overnight or timed cultures in BHI+YE broth grown aerobically at 37 uC with aeration by incubation in tubes/flasks with a capacity at least four times the volume of medium being used and vigorous shaking on an orbital shaker (250 r.p.m.).
Routine maintenance of cell lines. The cell lines used in this study are listed in Table 2 and were purchased from the Health Protection Agency culture collections, Porton Down, UK. H357, UP and Detroit 562 cell lines were routinely cultured in T75cm 2 tissue culture flasks (NUNC). H357 and UP cells were maintained in keratinocyte growth medium consisting of DMEM/Hams F12 (3 : 1) with 10 % (v/v) fetal calf serum (FCS), 2 mM glutamine, 180 mM adenine, 0.1 nM cholera toxin, 0.5 mg hydrocortisone ml 21 , 10 ng EGF ml 21 , 5 mg insulin ml 21 , 100 U penicillin ml
21
, 100 mg streptomycin ml 21 and 2.5 mg amphotericin B ml
. Detroit 562 cells were cultured in DMEM with 10 % FCS, 2 mM glutamine, 1 mM sodium pyruvate, 1 % (v/v) nonessential amino acids and 0.1 % (w/v) lactalbumin hydrosylate, with penicillin and streptomycin as above. All reagents were of tissueculture grade and were from Sigma-Aldrich Inc.
Fibronectin-binding assay. Binding of S. aureus to solid-phase fibronectin was measured using a microtitre plate assay outlined previously by Peacock et al. (2000) . Wells of flat-bottomed, polystyrene, 96-well microtitre plates (Greiner Bio One) were coated with 100 ml fibronectin (10 mg ml 21 in PBS) isolated from human plasma (Sigma-Aldrich) for 1 h at 37 uC. Fibronectin solution was removed and replaced with a blocking solution of BSA (2 %, w/v) in PBS overnight at 4 uC. Wells were washed three times with sterile PBS prior to the addition of bacterial suspension. S. aureus strains were grown to early exponential phase in BHI+YE broth, washed three times, resuspended in PBS and then added (approx. 1610 8 bacteria) in quadruplicate to wells coated with fibronectin. Plates were incubated at 37 uC for 1 h. For each strain, bacterial suspension was added in parallel to uncoated wells, blocked with BSA, as a negative control. All wells were rinsed three times with PBS to remove unbound bacteria. Adherent bacteria were fixed with glutaraldehyde [200 ml; 2 % (v/v) in PBS] for 1 h at room temperature. After rinsing, bacteria were stained with 50 ml crystal violet (final concentration 0.001 %, w/v) for 5 min. Wells were rinsed three times with sterile water and allowed to air dry. Absorbance was read at 405 nm using a Polarstar Galaxy ELISA plate reader (BMG labtech) and, after negative control values had been subtracted, data were expressed for comparative purposes as percentages of the absorbance obtained with the clinical strain S235 (0.13±0.015 at 405 nm; Greene et al., 1995) .
Cell invasion assay. Keratinocytes were seeded into 12-well tissueculture plates at a density of 5610 4 cells per well. Once monolayers reached 80 % confluence (approx. 2610 5 cells per well), cells in a representative well were detached with trypsin/EDTA and counted using a haemocytometer. The remaining cells were washed three times and incubated for 1 h in serum-free medium (SFM) (DMEM/F12, 3 : 1; Sigma-Aldrich) for use in an 'antibiotic protection' assay. Nonspecific interactions were blocked in BSA [2 % (w/v) in SFM].
Typically, S. aureus was grown to early exponential phase (OD 600 0.3) in BHI broth and harvested by centrifugation at 4500 g for 15 min, washed in PBS and adjusted to an appropriate density in SFM to give an m.o.i. (ratio of bacteria to host cells) of 100. Host cells were washed three times with SFM to remove BSA and bacterial suspensions were added to wells in triplicate for 90 min at 37 uC. A 1 ml sample of bacterial suspension was incubated in parallel during this infection period to control for any bacterial growth or death during the experiment. Following incubation, the mammalian cells were washed three times with SFM to remove non-cell-associated bacteria. When measuring adhesion to host cells, this was followed by the addition of 500 ml trypsin/EDTA to each well to detach cells. Once cells had been detached, 500 ml SFM was added to each well and the resulting cell suspension was transferred to 1.5 ml microcentrifuge tubes. Epithelial cells were lysed to release cell-associated bacteria by two 5 s bursts of sonication at 30 kHz using a CV18 Ultrasonic Processor (VWR International). Serial 10-fold dilutions of the resulting suspension were carried out in PBS and 10 ml of each dilution was then spotted in duplicate onto BHI+YE agar plates so that the number of bacteria could be calculated by colony counting. Bacterial suspensions incubated in parallel were also serially diluted and spotted onto agar plates for viable counting to allow the number of bacteria in the original inocula to be quantified. To quantify the number of internalized bacteria, extracellular bacteria that had adhered to the epithelial cell surface but not invaded were killed by incubation with gentamicin (100 mg ml 21 in SFM) for 1 h. Gentamicin was removed by washing three times in SFM. Host cells were then lysed by sonication followed by serial dilution and spotting onto agar plates as described above. Bacteria were cultured overnight followed by viable counting. From these data, the number of c.f.u. recovered ml 21 was calculated. The number of adherent but non-invading bacteria was calculated by subtracting the number that had been internalized (c.f.u. after gentamicin treatment) from the total cell-associated number (c.f.u. before gentamicin treatment).
Invasion of cells in suspension. Cell were detached with trypsin/ EDTA, washed three times with SFM and then resuspended in BSA [2 % (w/v) in SFM]. Cell density was estimated using a haemocytometer and adjusted to 2610 5 cells ml 21 . Aliquots of cell suspension (1 ml) were transferred to 1.5 ml microcentrifuge tubes in triplicate and incubated with gentle agitation for 1 h at 37 uC in air. S. aureus grown to early exponential phase (OD 600 0.3) in BHI broth were harvested by centrifugation, washed in PBS and adjusted to provide an m.o.i. of 100. Keratinocytes and bacteria were then co-incubated with gentle agitation at 37 uC for 90 min. Cells were then washed, treated with gentamicin, sonicated and diluted for viable counting as described above.
Measurement of a 5 b 1 integrin expression by flow cytometry.
Keratinocytes were cultured to 100 % confluence, washed with PBS (Mg 2+ -and Ca 2+ -free; Sigma-Aldrich) and detached with trypsin/ EDTA. Trypsin was neutralized by washing in cell culture medium. Cells were resuspended in 3 ml ice-cold FACS buffer (PBS containing 2 mM CaCl 2 , 2 mM MgCl 2 and 10 % FCS) and cell density was estimated using a haemocytometer. Cell density was then adjusted to approx. 3.5610 6 cells ml 21 in 1.4 ml FACS buffer. An aliquot of the cell suspension (200 ml; approx. 5610 5 cells) was then incubated at 4 uC for 1 h with agitation in the presence of primary mouse antihuman VLA-5, a 5 b 1 integrin (20 mg ml 21 ) (clone HA5; Millipore) or a mouse IgG2b negative control (AbD Serotec). Cells were then washed three times and resuspended in 200 ml ice-cold FACS buffer containing FITC-conjugated secondary antibody [40 mg goat F(ab9)2 anti-mouse ml
; Dako]. Cells were vortexed briefly and incubated in the dark on ice for 30 min before being washed three times and resuspended in 200 ml ice-cold FACS buffer and transferred to FACS tubes. To minimize the effects of non-specific, cell-associated fluorescence, the viability stain propidium iodide (Sigma-Aldrich; final concentration 20 mg ml
) was used to identify non-viable cells so that these could be eliminated when gating populations during analysis. A sample of keratinocytes was frozen at 280 uC followed by rapid thawing to set gates for propidium iodide-positive cells. The fluorescent signal was measured for 10 000 cells using a FACSCalibur (BD Bioscience) and analysed using FlowJo flow cytometry analysis software.
RNA extraction. RNA was extracted from keratinocytes grown in a monolayer culture and from cells cultured briefly in suspension. For these, cells were cultured as confluent monolayers and washed three times with SFM followed by incubation in BSA (2 % in SFM) for 90 min at 37 uC or, as cells in suspension, cells were detached by treatment with trypsin/EDTA followed by three washes in SFM. Following the final wash, cells were resuspended in BSA (2 % in SFM) at a density of 2610 5 cells ml 21 and incubated for 90 min with gentle agitation at 37 uC. RNA was then extracted using an RNeasy kit (Qiagen) according to the manufacturer's instructions. The quantity of RNA extracted was estimated using a NanoDrop 1000 spectrophotometer (Thermo Scientific) and the quality was assessed by agarose gel electrophoresis and visualization under UV light (G:BOX gel documentation system; Syngene).
Reverse transcription and real-time PCR. RNA (1 mg) isolated from keratinocytes cultured as monolayers and in suspension was reverse-transcribed to produce cDNA using Multiscribe reverse transcriptase according to the manufacturer's instructions (Applied Biosystems). Expression of target genes in keratinocytes was measured quantitatively by real-time PCR using the primers listed below. Realtime PCR was carried out using a StepOne real-time PCR system and the Power SYBR Green labelling system (Applied Biosystems). Samples were prepared in 48-well reaction plates and reactions were carried out according to the preprogrammed specifications of the StepOne system. The following primer sequences were used: a5 forward, 59-AAAAC-ACGTTGCTGACTCCATTGG; a5 reverse, 59-AAATTCTGACTCGT-TCCTGAGGTA; GAPDH forward, 59-AACTTTGGTATCGTGGAAG-GAC; GAPDH reverse, 59-TGGTCGTTGAGGGCAATG; U6 forward, 59-CTCGCTTCGGCAGCACA; U6 reverse, 59-AACGTTCACGAATT-TGCGT. Routine analysis of DNA fragments by electrophoresis was performed using 1 % (w/v) agarose (Web Scientific) in TAE and DNA bands were visualized under UV light as described above.
Cell-adhesion assay. The wells of a 96-well tissue culture plate (Greiner Bio One) were coated in quadruplicate overnight with 50 ml fibronectin (10 mg ml 21 ; Sigma-Aldrich) in Hanks' balanced salt solution (HBSS; Sigma-Aldrich) at 4 uC. Control wells were coated with HBSS alone. Plates were then washed with HBSS followed by blocking in BSA (1 % in SFM, 200 ml per well) for 1 h at 37 uC. BSA was then removed and wells were washed twice with HBSS. Cells from confluent monolayers were detached as above and adjusted to a density of 4610 5 cells ml 21 . An aliquot of cell suspension (100 ml) was added to each well followed by incubation of the plate for either 30 or 60 min at 37 uC. Following incubation, non-adherent cells were removed by washing twice with HBSS; 100 ml SFM was then added to each well followed by 20 ml MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; Promega] and the plate was incubated at 37 uC. Absorbance was measured at 492 nm following 20 and 40 min incubations using an infinite M200 ELISA plate reader (Tecan UK). Background absorbance was eliminated by subtracting the absorbance values of negativecontrol wells. In order to estimate the number of cells bound to the fibronectin, a standard curve was produced using a suspension (4610 5 cells ml
) serially diluted 2-fold in 100 ml SFM to which 20 ml MTS was added followed by incubation and measurement of A 492 as described previously. SFM was used as a blanking sample.
Statistical methods. Data are expressed as means±SEM of a minimum of three independent experiments and were analysed using Student's t-test unless otherwise stated. Results were considered to be statistically significant where P,0.05.
RESULTS

Invasion and fibronectin binding
All S. aureus strains tested bound fibronectin and invaded epithelial cells to some degree; these data and characteristics of the strains employed are shown in Table 1 . Mutant strains , respectively; Fig. 1(a) ] and both of these levels of adhesion were considerably higher than that seen with the nasopharangeal cell line Detroit 562 (P,0.01). A similar pattern of adhesive capacity was observed with the clinical S. aureus isolate S-235, but this strain showed a greater level of adhesion to all cell lines than did strain 8325-4.
The levels of cell invasion observed with each cell line followed a trend similar to that observed for adhesion, indicating a link between the adhesion and invasion events (Fig. 1b) ; P,0.05). A similar pattern of invasion of these three cell lines was observed with the clinical strain S-235; however, the proportion of bacterial cells that had adhered to host cells and were subsequently internalized was lower than with strain 8325-4. Also, the data showed that the cell lines employed were not all adhered to or invaded by S. aureus with the same efficiency, which raises the question of what the difference is between these cell types that would account for such variation. The fibronectin-binding integrin a 5 b 1 has been shown previously to facilitate S. aureus invasion; we therefore reasoned that differences in localization or levels of integrin expression might be responsible for the differences in the level of invasion found between cell lines. . It is therefore unlikely that variation in absolute surface expression of a 5 b 1 between cell lines is responsible for the variation observed in levels of adhesion and invasion by the bacteria. We therefore reasoned that these data suggest that there are differences either in the spatial orientation of receptors between cell types or in the activation state of the integrin. Alternatively, there may be variation in another receptor(s) or accessory molecule(s) that is important for invasion.
Spatial availability of a 5 b 1 on epithelial cells
Since integrin expression may be polarized to the surface of the cell that is in contact with the support polystyrene, and so less available to interaction with S. aureus, cells were Results expressed as mean c.f.u. ml "1 ±SEM from at least three independent experiments carried out in triplicate.
released from the polystyrene surface into suspension, in order to maximize the availability of the integrins. Host cells cultured as a monolayer were used for comparison. The results showed that S. aureus invasion of cells of all types when in suspension was much greater than that observed when the cells were cultured as monolayers (Fig.  3) , which supported the conjecture that some integrin molecules were not available when cells were growing on a surface. For example, S. aureus strain 8325-4 showed approximately a 27-fold increase in invasion of H357 cells over that seen with cells when in a monolayer and approximately a 7-fold increase in the levels of invasion of suspended UP and Detroit 562 cells. However, the level of this enhanced invasion was not the same for each cell line, which would be expected if the difference between invasion of Detroit 562 cells and the other cell lines was due merely to differences in accessibility of a 5 b 1 . Indeed, invasion of cells held in suspension followed a pattern similar to that observed with cells presented as monolayers, with both S. aureus 8325-4 and S235 invading UP and H357 cells at higher levels than Detroit 562 cells (P,0.01).
Although enhanced invasion is likely to be the result of increased availability of a 5 b 1 , the possibility of upregulation of surface integrins as a response to being in suspension must also be considered. To address this, quantitative PCR was used to measure de novo synthesis of a 5 b 1 in cells cultured in suspension using the housekeeping gene encoding the snRNA U6 as an internal control. Expression of the a 5 subunit was measured because this will only form a dimer with the b 1 subunit, while the latter is known to dimerize with a number of alpha subunits. RNA was extracted from cells cultured in monolayers and cells detached and maintained in suspension for a period of 90 min, equivalent to that used during the infection period of the antibiotic protection assay. These data indicate that expression of a 5 was upregulated in all cell lines when cells were cultured in suspension, though only H357 cells showed a statistically significant increase in the level of a 5 expression (Fig. 4) .
Epithelial cell adhesion to fibronectin
Although S. aureus invasion was enhanced by the culture of host cells in suspension, the level of invasion observed was not enhanced to the same extent for all cell lines, despite all integrin-binding sites being available to the bacteria. It was therefore important to study the ligand-binding capacity of each cell line, since cell binding of fibronectin is known to be mediated by a 5 b 1 activity, and this also facilitates S. aureus invasion. To do this, the affinity of each cell line for fibronectin was measured using a cell adhesion assay, and all cell lines showed some adhesion to fibronectin following 30 min of incubation. H357 and UP cells displayed similar levels of adhesion (Fig. 5) , while Detroit 562 cells adhered only weakly to fibronectin. Following 60 min of incubation, the number of adherent H357 and UP cells had increased significantly (P,0.01), while the number of adherent Detroit 562 cells had not increased from that observed following 30 min of incubation (Fig. 5) .
DISCUSSION
S. aureus invasion has been shown to be facilitated by FnBPs A and B (Sinha et al., 1999) in an 'FnBP-fibronectina5b1' complex interaction. Fibronectin binding facilitated by these FnBPs is extremely efficient and is nearly irreversible (Alexander & Hudson, 2001; Holmes et al., 1997) , resulting from the multiple fibronectin-binding domains that form the D-repeat regions of the FnBPs (Huff et al., 1994) and a more recently identified fibronectin-binding region in the B-region (Massey et al., 2001) . The presence of multiple binding regions allows interaction with multiple fibronectin molecules (Bingham et al., 2008) , which may be important in facilitating the invasion process, as the formation of multiple fibronectin-FnBP interactions may facilitate the clustering of a 5 b 1 on the host cell surface and lead to the intracellular signalling cascade required for internalization to occur (Agerer et al., 2003) .
Despite strong evidence for the involvement of FnBPs as the primary S. aureus factor required to facilitate internalization into cells, there is growing evidence to suggest that an alternative factor may have a role in facilitating the invasion process. Both the knockout of FnBPs (Brouillette et al., 2003; Sinha et al., 1999) and the blocking of a 5 b 1 (Kintarak et al., 2004) resulted in significant attenuation of S. aureus invasion; however, a residual level of invasion remained. The low level of invasion exhibited by strain Newman is likely to be due to a mutation in strain Newman within the cell-wall-anchoring sequence of the FnBPs (Grundmeier et al., 2004) , resulting in release of these proteins into the supernatant instead of their retention on the cell wall (Weiss et al., 2004) . The residual low level of invasion involves a different mechanism, and there are recent data that indicate that the surface-associated protein Atl, a member of the autolysin adhesins, facilitates S. aureus invasion of endothelial cells (including strain Newman) via a direct interaction with the cell-surface receptor heat-shock cognate 70 (Hsc70) (Hirschhausen et al., 2010) . However, other mechanisms have also been proposed for this low-level invasion, including involvement of Hsp60 (Dziewanowska et al., 2000) and the S. aureus proteins Eap and clumping factors (Grundmeier et al., 2004) . While S. aureus is known to cause infections in a variety of different tissues, colonization of the host occurs with varying frequency at different sites of the body (Wertheim et al., 2005) . This variation may be the result of differing capacity of S. aureus to adhere to and invade host cells present at those body sites. In vitro studies of invasion have also reported levels of invasion that vary widely between cell lines of different tissue origins. In this study, cells derived from the oral cavity, not traditionally regarded as a site for S. aureus colonization, skin keratinocytes, where S. aureus can be commonly found, and keratinocytes derived from the nasal cavity, which is regarded as a primary site of S. aureus colonization, were compared for their ability to adhere to and internalize S. aureus. S. aureus adhered to and invaded all cell lines tested, although with differing efficiencies for each cell line. Cells derived from the oral cavity and skin were adhered to and invaded similarly and at higher levels than were the cells derived from the nasopharynx.
Although the role of invasion in colonization and infection is unclear, it is thought that internalization allows evasion of immune surveillance and assistance in crossing cellular barriers, so facilitating persistence (Clement et al., 2005; Sinha & Herrmann, 2005) . Furthermore, intracellular S. aureus has been identified in chronic infections, where it could form a reservoir for continued infection (Garzoni & Kelley, 2009) . Given that the nasopharynx is regarded as a major colonization site, it is perhaps surprising that adherence to and invasion of the Detroit 562 cells was lower than those deriving from skin (UP) and oral cavity (H357). This somewhat counterintuitive result suggests, however, that the site of origin of the cells is less important than the activity of the integrin receptor a 5 b 1 on those cells. The influence of other environmental factors, such as the presence of saliva and other competing microflora, on determining whether S. aureus gains access to epithelial cells to allow the integrin interaction to occur must also be borne in mind.
The difference between adherence and invasion of the different cells types did not appear to be due to the S. aureus strain used, since similar patterns of invasion were observed with both a laboratory strain, NCTC 8325-4, and a clinical isolate, S-235. There were differences between the efficiency of invasion of certain cell types between these two strains, but the differences in adhesion and invasion were reproduced with each cell type. It is, therefore, more likely that differences in invasion are due to variation in one or more features of the host cell. Such variation would include the availability of cell-surface binding sites involved, in particular the integrin a 5 b 1 , and could be due to (i) lower total numbers of a 5 b 1 heterodimers, (ii) polarization of a 5 b 1 so that it is relatively hidden or (iii) a 5 b 1 heterodimers being relatively 'inactive' in terms of interaction with fibronectin.
While transformed cell lines have been shown to have integrins that are distributed more diffusely on their cell surface than is the case on primary cells (Saga et al., 1988; Akiyama et al., 1990; Virji et al., 1994) , all the cell types used in our study were transformed cells and so should be comparable. In addition, analysis of a 5 b 1 expression by flow cytometry, by RT-PCR and by real-time PCR all showed that there were no differences in the level of surface expression or transcription of a 5 b 1 between the cell lines tested. This was true whether the cells were held as a conventional monolayer on a surface or in suspension, where detachment would render any polarized, and so hidden on a surface, a 5 b 1 heterodimers available for binding. However, none of these analytical methods provides any information on the activity of the a 5 b 1 integrin. There are several factors that can influence such activity, including growth factors (e.g. VEGF; Byzova et al., 2000) and other surface molecules, such as caveolin 1 (Hoffmann et al., 2010) . Indeed, variation in fibronectin binding by mammalian cells, despite there being equal levels of a 5 b 1 expression, has been demonstrated (Uitto & Larjava, 1991) , though this has not been related directly to bacterial invasion before. Consequently, we assessed the ability of the three cell types to bind fibronectin, which reflects a 5 b 1 functionality on their surface. Our results showed that the Detroit 562 cells had significantly lower fibronectin-binding capacity than the other two cell types.
In this study, we have shown that, of three cell lines tested, one, nasopharyngeal Detroit 562 cells, are adhered to and invaded relatively poorly by S. aureus. This is not due to differences in the number or availability of a 5 b 1 heterodimers, but is most likely to be due to a lower capacity to bind fibronectin. This finding may explain why previous studies using cell types from varying tissue sources have shown considerable variation in adhesion and invasion by S. aureus.
